T he static pressure-volume (PV) curve of the respiratory system defines the mechanical properties of the lung and the chest wall by relating airway pressure (Paw) in no-flow conditions with lung volume at the same pressure level. These PV curves have an inspiratory and an expiratory limb, due to the respiratory system hysteresis, responsible for the presence of higher lung volumes at the same pressures in deflation (1) . The slope of the PV curve at each point equals the quotient between volume and pressure, that is, compliance. By tracing volume against airway, pleural, or transpulmonary pressures, the PV curve of the respiratory system, chest wall, or lung tissue, respectively, can be obtained.
The use of PV curves for the mechanical ventilation setting has been proposed, and data derived thereof may predict optimal positive end-expiratory and plateau pressures for patients with acute respiratory distress syndrome (ARDS). One of the most common approaches for positive end-expiratory pressure (PEEP) setting uses the so-called lower inflection point (LIP) on the inspiratory limb of the PV curve (the first point of maximum curvature) (2) . Indeed, selecting a PEEP level above LIP has been related to improved survival (3) and a lesser inflammatory response (4) in ARDS patients. Similarly, the second point of maximum curvature (the upper inflection point, UIP) should be the maximum plateau pressure reached (5) . Recent data suggest that plateau pressure may be an important determinant of mortality rate in ARDS patients (6) . Therefore, the precise situation of the UIP could help clinicians to select the maximum end-inspiratory pressure level to be reached during tidal ventilation. However, some data from theoretical, experimental, and clinical grounds challenge this approach (7) (8) (9) (10) , and it has been suggested that the deflation limb be used to adjust PEEP, with the intention of avoiding repeated endexpiratory alveolar collapse (11) (12) (13) .
Among techniques for inspiratory and expiratory PV curve tracing, the supersyringe technique (14) can be considered the gold standard. With other techniques, such as multiple-occlusions (15) or lowflow inflation (16) , only the inspiratory limb is obtained. We propose a new technique for complete PV curve tracing that can be performed with the majority of presently available ventilators, is not time-consuming, avoids disconnection from the ventilator, and can be used to measure both inspiratory and expiratory limbs. This technique is based in the change of continuous positive airway pressure (CPAP) level with the ventilator and lung volume change recording. The objective of this study was to experimentally assess bias and precision of PV curves obtained with this technique in comparison with those obtained with the super-syringe technique in an animal model with normal and injured lungs.
MATERIALS AND METHODS
Six Wistar rats of either gender (weight 260 -540 g) were studied. The protocol was approved by the Institutional Animal Care Committee. Intramuscular diazepam (Roche, Madrid, Spain) and ketamine (Parke-Davis, El Prat de Llobregat, Spain) were administered for sedation and analgesia throughout the experiment, and paralysis was achieved with intravenous pancuronium bromide (Organon, Cornella de Llobregat, Spain) during the measurement periods. The carotid artery and the jugular vein were cannulated, and a tracheostomy was performed. A tracheal tube (2 mm inner diameter) was inserted, and the trachea was tightly tied to avoid air leaks. Animals then were connected to a Servo 300 ventilator (Siemens, Solna, Sweden). Airway pressure was registered via a side port in the tracheal tube using a differential pressure transducer (Valydine MP45, range Ϯ 50 cm H 2 O, Valydine Engineering, Northridge, CA). Flow was measured with a Fleisch 0 pneumotachograph (Metabo, Epalinges, Switzerland) connected to a differential pressure transducer (Valydine MP45, range Ϯ 2 cm H 2 O, Valydine Engineering). The carotid artery cannula was connected to a pressure transducer (Transpac Monitoring Kit; Abbot, Sligo, Republic of Ireland).
Lung volume was measured using respiratory inductance plethysmography (RIP), with thoracic and abdominal bands placed and secured with clips (Respitrace, NIMS, FL). After linear calibration, accuracy of RIP was evaluated by comparison with volume calculated by flow integration. All the signals (blood pressure, airway pressure, flow, and RIP) were derived to an analog-to-digital converter (Urelab, Barcelona, Spain) and recorded on a computer using ANADAT-LABDAT software (RTH Infodat, Montreal, Canada) at a sampling frequency of 100 Hz.
Study Protocol. Animals were ventilated in pressure controlled mode, with peak inspiratory pressure (PIP) of 12 cm H 2 O, PEEP 2 cm H 2 O, respiratory rate 70 breaths/min, and inspiratory time (Tinsp) 33% for 15 mins. FIO 2 was 1 throughout the experiment. A basal arterial blood gas sample was obtained. The ventilator was switched to constant flow, volume controlled mode, with tidal volume of 10 mL, PEEP 0, respiratory rate 70 breaths/min, and Tinsp 33%; end-expiratory and end-inspiratory occlusions were done for resistance and compliance measurements as previously described (17) . The ventilator was switched back to pressure controlled ventilation, with PIP 10 cm H 2 O, PEEP 0, respiratory rate 70, Tinsp 33%, and, after 5 mins, a CPAP and supersyringe PV curves (discussed subsequently) were done in random order, separated by a short stabilization period of 3-5 mins to restore baseline conditions.
After basal measurements, lung injury was induced by increasing PIP to 45 cm H 2 O, with PEEP 0 cm H 2 O, respiratory rate 30 breaths/ min, and Tinsp 33% for 20 mins, according to Vazquez de Anda et al. (18) . PIP was then decreased to 30 cm H 2 O and PEEP increased to 6 cm H 2 O, to avoid death due to severe hypocapnia, for a further 10 mins. The basal ventilation pattern was restored for 10 mins more and all the measurements were repeated (arterial blood gas, compliance and resistance, and PV curves), as in the basal period. Animals were killed by an intravenous overdose of the anesthetic agents used. Injury was assessed by visual inspection of the lungs after thoracotomy.
Super-Syringe Technique. Volume history of the lungs was standardized by means of three large breaths (PIP 30, PEEP 0) to homogenize the mechanical conditions of the respiratory system previous to any measurement. An oxygen-filled syringe was connected to a three-way stopcock in the proximal end of the tracheostomy tube, before the airway pressure port. The stopcock was turned to the syringe during an end-expiratory pause, and volume was administered in 2-mL increments, allowing the pressure signal to reach a steady state before a new volume step. This was repeated until a volume of 20 mL or a Paw Ͼ45 cm H 2 O was reached. Volume was withdrawn in the same manner. Paw and RIP volume were recorded throughout the procedure.
CPAP Technique. Volume history was standardized as in the syringe method. The ventilator then was switched to CPAP mode, at 0 cm H 2 O. Pressure was raised in 5 cm H 2 O steps. When zero-flow conditions and a plateau in the RIP signal were reached, a new CPAP increment was applied. This was repeated to a Paw of 50 cm H 2 O or a volume of 20 mL (measured with RIP). CPAP level then was decreased in the same manner. As with the syringe method, Paw and RIP volume were recorded. A diagram of both methods is presented in Figure 1 .
PV Curve Tracing. PV curves were constructed by plotting Paw against RIP volume. As pressure and volume steps were not the same in the two methods, curves were fitted to the model proposed by Venegas et al. (19) , and volumes corresponding to Paw of 0 -40 cm H 2 O in 5 cm H 2 O steps were interpolated. Using this mathematical model, we calculated the LIP and UIP on the inspiratory limb, the point of maximum curvature (PMC) on the deflation limb, and the maximum compliance (C curve ) on both limbs from the fitting variables.
PV plots also were inspected by five independent observers, familiar with PV curve analysis, who were asked to calculate LIP and UIP. All observers were blinded to the method of measurement, PV curve limb, and experimental period (basal or postinjury). Means of the estimated values for LIP and UIP on the inspiratory limb and PMC on the deflation limb were designated LIPo, UIPo, and PMCo, respectively.
Statistical Analysis. The model was fitted using nonlinear regression analysis (leastsquares method). Correlation of both methods was done by calculation of bias (mean of differences between measurements) and limits of agreement (bias Ϯ 2 SD) as proposed by Bland and Altman (20) . The graphic representation of this method plots difference against mean of each pair of measurements. The intraclass correlation coefficient (ICC) for absolute agreement was calculated for each pressure level, compliance, and inflection point (either calculated from the fitting variables or estimated by the observers). Measurements with an ICC Ͼ.75 were considered a very good agreement. A correlation between calculated and estimated inflection points was made using linear regression analysis. Oxygenation, compliance, and resistance in basal and injury periods were compared using a Student's t-test for paired measurements. Data are expressed as mean Ϯ SD, except for values derived from the Bland-Altman analysis, which are expressed as mean (95% confidence interval) and limits of agreement. A p Ͻ .05 was considered significant. All statistical tests were performed using the software package SPSS 10.0 (SPSS, Chicago, IL).
RESULTS
All six animals included in the protocol completed the study period. Volumes measured using RIP showed a good correlation with those measured by flow integration (R 2 ϭ .90, bias Ϫ0.17 mL, limits of agreement Ϫ2.56 and 2.22 mL).
Oxygenation and respiratory mechanics are shown in Table 1 . Oxygenation and respiratory system compliance decreased significantly below normal values following ventilator induced lung injury. Resistance due to viscoelastic properties of lung tissue increased, whereas airway resistance did not change throughout the protocol.
PV Curves. All PV curves were fitted to the mathematical model with a mean R (Fig. 2) . Intraclass correlation coefficients were all Ͼ.75 (with p Ͻ .001 at all pressure levels) and are also represented in Figure 2 . Bland-Altman plots for volume values are represented in Figure 3 . For basal measurements, bias was 0.46 mL (0.29, 0.64) and limits of agreement were Ϫ1.29 mL and 2.21 mL. For measurements after injury, bias was 0.32 mL (0.18, 0.45) and limits of agreement were Ϫ1.03 mL and 1.65 mL. When all data were pooled, bias was 0.39 mL (0.28, 0.50) and limits were Ϫ1. When we compared data obtained from basal and postinjury measurements, both methods were able to detect an increase in the calculated and estimated inflection points ( Table 3) . The difference observed between methods on UIPo and PMCo persists when values are separated into basal and postinjury conditions. C curve on the inspiratory limb did not change, but, when measured on the deflation limb, there was a significant decrease. We did not find any relationship between changes in respiratory system compliance and changes in C curve , measured either on inspiratory or deflation limb (data not shown).
DISCUSSION
The CPAP method for PV curve tracing appears to be equivalent to the supersyringe technique in this animal model. This method offers several advantages: It avoids the need for disconnection from the ventilator, it does not need additional equipment, and it can be used to trace the deflation limb of the PV curve. The choice of RIP for volume measurements Crs, respiratory system compliance; Rrs, respiratory system resistance; ⌬R, resistance due to stress relaxation; Rmin, airway resistance. All values are expressed as meanϮ SD. was made to have a common volume measurement for both methods. It also avoids errors in the displacement of the syringe and artifacts due to oxygen consumption (21, 22) . Volume and pressure increments during the syringe and the CPAP maneuvers were constant during the procedure with the intention of making it as simple as possible. However, because pressure increases rapidly while volume increases slowly at both ends of the PV curve, we cannot discard the use of variable increments of pressure/ volume to obtain a higher accuracy of the curve on these zones.
Use of PV Curves. Although PV curves have been used for years as a method of monitoring in ARDS (23) , their major contribution is related to their use as a guide for ventilator settings. Evidence that mechanical ventilation can injure the lungs (24) has led to the design of protective ventilation strategies. In this context, PV curves have been used for PEEP and plateau pressure setting. To avoid end-expiratory lung collapse, PEEP level is set slightly above the pressure where the PV curve has its first maximum curvature on the inspiratory limb (the so-called LIP) (3) . Moreover, patients with a LIP on their PV curves show a better response to PEEP in terms of recruitment (25) . On the other hand, it is thought that the second maximum curvature point on this limb (the UIP) reflects the beginning of overdistension, so plateau pressures should be lower than this limit (5). Setting PEEP above LIP and plateau pressure below UIP has been related to a lower inflammatory response (4) and decreased mortality rate (3).
However, the interpretation of PV curves has been challenged from theoretical, experimental, and clinical fields (7-10). As PEEP is an expiratory phenomenon, it should be set according to the deflation limb of the PV curve, either in the maximum curvature point (12, 26) or in the true inflection point (where curvature changes, a point related to airway closure) (9, 11, 13) . The benefits of this approach for PEEP setting remain to be determined.
Comparison With Other Techniques. One of the difficulties with this strategy is the lack of techniques for tracing deflation PV curves. The super-syringe technique needs additional equipment and requires disconnection from the ventilator. The other two techniques that avoid these drawbacks (multiple occlusions and low-flow inflation) do not allow tracing of the deflation limb. Moreover, the multiple occlusion technique is time-consuming, and PEEP has to be set at 0 cm H 2 O in each pressure measurement, which can be detrimental (27) . The low-flow inflation technique requires taking into account the resistive pressure component when flow is Ͼ9 L/min (28) . At lower flow rates, conventional ventilators do not allow the use of high tidal volumes, so the upper part of the PV curve cannot be explored (29) . The CPAP technique can be used for this purpose, and it is easily applicable at the bedside. Most modern ventilators have a CPAP mode, and volume (either measured with RIP or derived from integration of the flow signal) can be displayed or recorded. The complete maneuver can be done in a few minutes while disconnection from the ventilator and changes in temperature and humidity of the inspired gas (which are a source of error) (30) are avoided. Accuracy of this method when compared with the super-syringe technique (generally considered the gold standard) is high, and limits of agreement for LIP and UIP are in a range similar with data from other techniques (31) . Moreover, our data show that this method can detect the same changes in the inflection points and compliance in an injured lung as the su- CI, confidence interval. Inflection points were derived from the mathematical fitting (lower inflection point, LIP; upper inflection point, UIP; point of maximum curvature, PMC) or measured by eye fitting by observers (LIPo, UIPo, and PMCo). (24) and systemic inflammatory response (4) by two main mechanisms: alveolar overdistention and repeated alveolar opening and closure. Ventilatory strategies designed to avoid this have demonstrated a decrease in mortality rate in ARDS patients (3, 33) . A respiratory PV curve has the drawback that it is a global measurement from a number of regional phenomena, and there are doubts that a single PV curve can be considered the sum of most local phenomena. However, using PV curves to monitor lung mechanics can help to determine optimal level of PEEP and safe plateau pressure in ARDS. Moreover, the need to find a safe airway pressure in patients with ARDS recently has been highlighted (6) .
Extrapolating the results of this study in an animal model to its use in human subjects, we suggest that the CPAP method is thus a suitable and easy alternative for PV curve tracing at the bedside and can improve ventilatory settings.
Observer-Estimated Inflection Points. To compare the two methods in a clinical setting, we measured inflection points (the most important variables for mechanical ventilation setting) using both the mathematical fitting and the eyefitting used in daily practice. As reported by Harris et al. (34) , there is a significant interobserver variability, and limits of agreement are high. Moreover, although the two curves and also calculated UIPs and PMCs are almost identical, there is a tendency to find higher UIPo and PMCo on the curves traced with the CPAP method. Using the syringe technique, linear eye-fitting is easier because there are few data points on the upper part of the PV curve and they are more separated. However, with the CPAP technique, scattering of the data points along the pressure axis is constant, and fitting is more difficult. Together, these findings suggest that spatial distribution of data points along the pressure axis influences inflection point estimation and support the idea that regression techniques for inflection point calculation are more accurate (34) . The use of lower CPAP increments at both ends of the curve might have yielded a different spatial resolution of data and different point estimations.
CONCLUSIONS
The CPAP method is a valid alternative for PV curve tracing in this animal model. Drawbacks encountered with other techniques are avoided: It is simple to perform, no additional equipment or specialized skills are required, and the deflation limb of the curve can be obtained. Use of nonlinear regression methods for inflection point calculation on these curves decreases interobserver variability. This simple method could be translated to the bedside as an aid to adjusting mechanical ventilation in the critical care arena. 
